Objective: To determine the effects of angiotensin converting enzyme (ACE) inhibitors in hypertensive patients with aortic valve stenosis (AS). Design: Observational, drug withdrawal, single blinded study, with randomisation of the order of tests. Other baseline functional and haemodynamic parameters were unmodified. Five patients had an abnormal blood pressure response during one of the exercise tests (two patients while taking the drug and three patients while not taking the drug). When taking ACE inhibitors, patients had a higher stroke volume at peak stress (59 (11) ml v 54 (25) ml, p = 0.046). All other stress variables remained constant. Conclusions: In AS, the afterload relief caused by ACE inhibitors is blunted by a parallel increase in the pressure gradient. However, ACE inhibitors favourably affect stress haemodynamic function in most hypertensive patients with AS and should not be discontinued.
Other baseline functional and haemodynamic parameters were unmodified. Five patients had an abnormal blood pressure response during one of the exercise tests (two patients while taking the drug and three patients while not taking the drug). When taking ACE inhibitors, patients had a higher stroke volume at peak stress (59 (11) ml v 54 (25) ml, p = 0.046). All other stress variables remained constant. Conclusions: In AS, the afterload relief caused by ACE inhibitors is blunted by a parallel increase in the pressure gradient. However, ACE inhibitors favourably affect stress haemodynamic function in most hypertensive patients with AS and should not be discontinued.
A ortic valve stenosis (AS) affects 2-7% of the elderly population. 1 Almost one third of patients with AS have concomitant systemic hypertension. 2 Because patients with AS are known to be at a high risk for adverse cardiovascular events, 3 control of blood pressure should be of major relevance in this population.
Lowering blood pressure is particularly difficult in patients with AS because of the complex adaptation of the cardiovascular system to left ventricular (LV) outflow obstruction. Drugs that are safely used to treat isolated hypertension may cause adverse cardiovascular effects in patients with a fixed cardiac output. Diuretics, b and a blocking agents, calcium antagonists, and inhibitors of the renin-angiotensin-aldosterone system need to be used with caution by patients with AS, since they are particularly sensitive to manipulations of preload, contractility, and vasomotor tone. 4 Angiotensin converting enzyme (ACE) inhibitors are well established drugs for treating hypertension. ACE inhibitors have also been shown to reduce mortality and morbidity in some patient groups, such as those with impaired systolic function, 5 with diabetic nephropathy, 6 or at high risk for cardiovascular events. 7 Importantly, these favourable effects of ACE inhibitors are independent of their effect on blood pressure. Experimental evidence suggests additional potential benefits of ACE inhibitors on AS. The identification of ACE and angiotensin activity in the tissue of degenerative aortic valves indirectly suggests a potential role of ACE inhibitors in slowing disease progression. 8 Also, ACE activity is known to modulate the myocardial fibrosis caused by the systolic overload of AS. 9 10 Hence, ACE inhibitors may induce more favourable ventricular remodelling.
Regardless of all these potential benefits, AS is considered a classic contraindication to prescribing ACE inhibitors, as is recognised in some textbooks 11 12 and in manufacturers' prescribing information (for Vasotec, Lotensin, Zestril, Altace, and Monopril: www.pdr.net/pdrnet/librarian; and for Capoten: www.rxlist.com). Very recent evidence suggests that ACE inhibitors can be used safely in AS 13 and may even be beneficial for patients with symptomatic disease. 14 15 We designed a drug withdrawal, single blinded, transversal, prospective enrolment study to assess the haemodynamic effects of ACE inhibitors in hypertensive patients with AS. Cardiovascular haemodynamic effects were analysed noninvasively by exercise Doppler echocardiography.
METHODS

Study population
The study was approved by the institutional ethics committee and written informed consent was obtained from all patients. Eligible participants were screened among all patients referred to our laboratory with AS diagnosed on echocardiographic examination. Inclusion criteria for the study were moderate or severe AS (peak aortic velocity > 2.5 m/s and aortic valve area ( 1.2 cm 2 ) and concomitant treatment with an ACE inhibitor for at least three months, prescribed for arterial hypertension. Exclusion criteria were the presence of symptoms related to AS, existence of any other valvar stenosis or regurgitation other than mild (1+), previous cardiac surgery, and absence of a suitable ultrasonic window. After consecutive review of the medical records and telephone interviews with all potential candidates, 27 eligible patients were identified. Five patients did not provide written informed consent. Although 22 patients were randomly assigned to the treatment regimens, one patient did not finish the study. His ejection fraction was normal and mean transvalvar pressure gradient was 70 mm Hg. After withdrawal of 10 mg/day of enalapril, although he denied any AS symptoms, the exercise test (Bruce protocol) was prematurely interrupted at the fourth minute because of dyspnoea. The blood pressure response was normal. Although he was informed by the investigators of the need for close follow up, he decided to abandon the study. Another patient had pneumonia and her physician discontinued the ACE inhibitor. Therefore, 20 patients completed the study protocol (table 1 16 ).
Study design and clinical data
Each patient underwent two sets of tests (with and without taking the drug) each of which included a full clinical evaluation, Doppler echocardiogram, and symptom limited stress echocardiography. To minimise the potential confusion effects of exercise training and of the ''white coat'' phenomenon, participants were randomly allocated to the order in which each set of tests was performed (ACE inhibitors/no ACE inhibitors). The investigators who performed and measured the Doppler echocardiographic and exercise examinations were blinded to this order. ACE inhibitor drug withdrawal and reintroduction were progressive, with a daily dose reduction or increase equivalent to 1.25 mg of enalapril. Once the drug withdrawal or reintroduction scheme was completed, the second study was delayed for a period equivalent to five half lives of each drug. Patients who were not taking ACE inhibitors in the first phase received the first dose two hours after the first set of examinations was completed. Blood pressure was measured daily during the three days before each set of tests. Subjective functional class was assessed by the specific activity scale questionnaire. 17 Approximate dose equivalents were calculated based on enalapril as the reference, as indicated for the treatment of hypertension. 16 
Doppler echocardiography
Doppler echocardiograms were recorded digitally with a phased array ultrasound scanner (Acuson Sequoia 256, Siemens, Erlangen, Germany). Ultrasound images and Doppler spectrograms were obtained from standard parasternal, apical, subcostal, and suprasternal views. LV volumes and ejection fraction were measured from biplane four and two chamber apical views. 18 The methods used to measure stroke volume, cardiac output, mean transvalvar pressure gradient, and aortic valve area, as well as their reproducibility values, have been previously reported for our institution. 19 Systemic vascular resistance was derived from Doppler derived cardiac output. LV end systolic wall stress (ESS) was calculated as follows 20 : where LVP s is peak LV pressure (systolic blood pressure + peak transvalvar instantaneous pressure gradient), r s is the radius of the LV cavity in systole, and h s is LV posterior wall thickness at end systole. Stroke work loss (SWL) was calculated as follows 21 :
where MeanG is the mean pressure gradient and SBP is systolic blood pressure. All measurements were averaged from four to six beats for patients in sinus or pacemaker rhythms and from six to 10 beats for patients in atrial fibrillation. Dose equivalents (DE) were calculated with enalapril used as reference. 16 Indexed dose equivalents were calculated by dividing dose equivalents by body surface area. AF, atrial fibrillation; CAD, coronary heart disease; IQR, interquartile range; LVEF, left ventricular ejection fraction; SAS, specific activity scale.
Exercise stress echocardiography A Bruce or a Naughton (two patients with impaired exercise tolerance) treadmill protocol was used for all except three patients who were unable to perform the test because of functional impairment. Blood pressure was measured noninvasively every minute, as recommended. [22] [23] [24] Prespecified criteria for interrupting the exercise test were appearance of symptoms, fall in or inadequate (, 10 mm Hg) progression of systolic blood pressure, hypertensive response, frequent ventricular extrasystoles, ventricular tachycardia, bradycardia, new left bundle branch block, or ST segment depression > 1.5 mm.
Statistical analysis
A sample size of 16 was calculated to detect a one metabolic equivalent (MET) difference between exercise tests performed with and without ACE inhibitors in a repeated measures design, assuming a standard deviation of one MET and a and b errors of 0.05 and 0.20, respectively.
Individual data are reported with a single identification label in all tables and figures, allowing tracking of each patient's response across the whole report. Odd number labels identify patients studied with and then without ACE inhibitors. Even number labels identify patients studied in the reverse order. Because most variables are not normally distributed, they are described as median (interquartile range) and compared by exact Wilcoxon paired signed rank tests (S-Plus version 2000, Insightful Inc, Seattle, Washington, USA). Significance was assumed at p , 0.05. Table 1 summarises baseline clinical and echocardiographic data. The study group consisted mostly of elderly patients with severe asymptomatic disease. Although some patients' specific activity scale was . I, their functional impairment was not attributed to AS either by the referring physician or by the investigators.
RESULTS
Changes related to ACE inhibitor withdrawal Drug withdrawal and reintroduction were well tolerated by all patients, and no patient's specific activity scale score was modified during the drug intervention period. Table 2 and  fig 1 show changes in baseline haemodynamic parameters related to drug withdrawal. While taking ACE inhibitors, patients had a lower systolic blood pressure, whereas their diastolic blood pressure did not change. A higher transvalvar pressure gradient while taking ACE inhibitors was observed, whereas aortic valve area was unmodified ( fig 1) . As a consequence of the reciprocal changes in blood pressure and pressure gradient, LV percentage stroke work loss was higher while patients were taking ACE inhibitors (19 (6)% v 14 (10)%, respectively, p = 0.009).
Stress induced haemodynamic changes
Withdrawal of ACE inhibitors induced no changes either in exercise duration (7.0 (2.3) minutes v 7.0 (4.1) minutes, p = 0.4) or in final energy expenditure (fig 2) . Although systolic blood pressure and pressure gradient at peak exercise were not modified by the drug intervention, patients had a higher stroke volume during stress while taking ACE inhibitors (fig 2) . Also, a trend towards lower diastolic blood pressure at peak stress was observed while patients were not taking ACE inhibitors. The amount of the exercise induced rise in systolic blood pressure and of the decrease in systemic vascular resistance was unmodified by the drug intervention, whereas a trend towards greater increase in stroke volume was observed while patients were taking ACE inhibitors (p = 0.1) (fig 3) . The modification induced by ACE withdrawal in stroke volume was closely related to its effect on systemic vascular resistance, both at baseline and during exercise (fig 4) .
Abnormal exercise blood pressure responses An abnormal exercise induced blood pressure response (fall or failure to rise) was observed in five stress tests from five patients ( fig 3A) . Two patients had an abnormal blood pressure response while taking ACE inhibitors, which was not reproduced when the drug was discontinued ( numbers  15 and 16, fig 3) . Excessive vasodilatation was the cause of one of these abnormal responses (number 15, fig 3C) , whereas a fall in stroke volume was the cause of the other one (number 16, fig 3B) . Remarkably, three patients had an abnormal response while not taking ACE inhibitors that was not observed while they were taking the drug (numbers 1, 5, and 18, fig 3A) . The mechanisms were a severe fall in vascular resistance in one patient (number 1, fig 3C) and a combined failure to increase stroke volume and decrease in resistance in the other two (numbers 5 and 18, figure 3B, C).
DISCUSSION
ACE inhibitors in AS ACE inhibitors have been classically contraindicated in the presence of AS. In patients with a fixed outflow obstruction, a reduction in systemic vascular resistance is not followed by a proportional increase in cardiac output. Therefore, it is believed that excessive vasodilatation may cause a dangerous fall in coronary or brain perfusion pressure, leading to exercise related symptoms of angina, syncope, or even sudden death. This hypothesis is indirectly based on evidence of a limited coronary flow reserve in patients with AS. However, it is not unusual in everyday practice for hypertensive patients with severe AS to be taking ACE inhibitors for a long time with no symptoms or events. On this basis, we designed this pilot study to quantify the functional and haemodynamic effects related to ACE inhibitor drug withdrawal in this particular population. Only a few studies have previously assessed the effects of ACE inhibitors in AS. Martínez Sanchez et al 26 analysed the acute haemodynamic effects of captopril administration in 22 patients with severe AS. By using right heart catheterisation, these authors observed beneficial haemodynamic effects such as a decrease in systemic vascular resistance and an increase in cardiac output; unfortunately, neither valvar nor coronary haemodynamic effects were specifically analysed in their study. Recently, a pilot blinded, randomised, placebo controlled study assessed the haemodynamic and functional effects of enalapril in symptomatic patients with severe AS. 15 In patients with normal LV systolic function, the drug was well tolerated and significantly improved functional class during follow up. Also, the short term effects of ramipril have been shown to be well tolerated by asymptomatic patients with mild to moderate AS undergoing an open label titration study. 13 Regardless of the small sample size, we were able to characterise some important haemodynamic benefits of ACE inhibitors in hypertensive patients with AS. While taking the drug, AS patients achieved a higher stroke volume during exercise. As expected, rest systolic blood pressure was lower while patients were taking the drug. However, more important, there were no significant differences in diastolic pressure either at baseline or during exercise. In fact, a nearly significant trend towards higher diastolic pressure during exercise was observed while patients were taking the drug. These findings, associated with the behaviour of stroke volume at peak stress, suggest a potentially beneficial effect of ACE inhibitors on exercise haemodynamic function in hypertensive patients with AS. Our study shows that the hypothesis of a hazardous effect of these drugs on exercise mediated hypoperfusion seems unlikely in hypertensive patients with AS. Further randomised, large scale placebo controlled studies should reassess these findings before the use of ACE inhibitors can become widespread. 27 Some other potential beneficial effects justify a controlled trial on the role of ACE inhibition in patients with AS. Intracoronary administration of enalapril has been shown to improve diastolic function acutely in patients with AS. 28 Also, experimental data indicate that activation of the reninangiotensin-aldosterone system contributes to cardiac fibrosis in animals and patients with AS and may be associated with unfavourable haemodynamic effects. 9 10 Furthermore, ACE and angiotensin II are also present in the extracellular matrix of degenerative aortic valves with stenotic lesions and may have a role in lesion development and progression. 8 Consequently, some investigators have questioned the contraindication of ACE inhibitors in AS in situations of concomitant hypertension, asymptomatic status, or heart failure. 14 29 30 Extrinsic and intrinsic load in AS Interestingly, we observed a significant decrease in the transvalvar pressure gradient while patients were not taking the ACE inhibitor drug, reciprocal to their increase in blood pressure. Nitroprusside had an identical effect in patients with AS with impaired LV systolic function: as peripheral resistance decreased, the transvalvar pressure gradient rose. 31 The present study illustrates how modification of the pressure gradient blunts the response induced by vasodilators in systolic LV pressure and, consequently, in global end systolic stress.
Reciprocal changes in the transvalvar pressure gradient and blood pressure are the consequence of the well characterised complementary and competitive interaction between intrinsic and extrinsic systolic load observed in situations of LV outflow obstruction. 32 As shown in a recent animal study, an intervention on aortic pressure alters transvalvar flow rate and, if valve area remains constant, modifies the transvalvar gradient in parallel. 33 Further studies are required to clarify the basis of the vascular-valvarventricular coupling, since other mechanisms of interaction have been proposed. 21 27 33-35 The present study shows that patients with significant AS do not have a truly fixed stroke volume. Instead, modifying the vasodilator treatment had a direct effect on stroke volume, as fig 4 shows. The increase in peripheral resistance induced by drug withdrawal was followed by a reciprocal decrease of stroke volume, even in patients with critical AS and normal LV systolic function. This finding is in agreement with the hypothesis of the double loaded LV, according to which the extrinsic systolic load remains as a major determinant of ventricular performance, even in the presence of a severe outflow obstruction. Consequently, we believe this evidence supports the use of ACE inhibitors by patients presenting with symptoms of congestive heart failure or with critical AS and who do not undergo valve replacement for whatever reason. 14 15 Nevertheless, ACE inhibitors should be introduced with caution to avoid symptomatic hypotension, particularly in the presence of LV systolic dysfunction. 15 Implications for assessing disease progression The effect of vasodilators on non-flow corrected indices of severity such as transvalvar velocity, pressure gradient, or LV stroke work loss obviously needs to be taken into account if a placebo controlled study is designed to assess the impact of ACE inhibitors on disease progression. It is noteworthy that a number of longitudinal studies have shown these non-flow corrected indices to be the best predictors of outcome in patients with AS. 21 36 37 In asymptomatic patients, higher values of pressure gradient, aortic jet velocity, and stroke work loss are known to be associated with earlier development of symptoms, need for valve replacement, and cardiovascular death. Furthermore, for a similar degree of valvar obstruction, a higher stroke volume has been shown to correlate directly with more rapidly progressing AS. 38 Our study shows that ACE inhibitors, by augmenting flow rate, modify all non-flow corrected indices of severity. Consequently, we believe that these potentially harmful haemodynamic effects of vasodilators in AS should be considered for the selection of the specific ACE inhibitor drug and dose to be tested in future clinical trials.
The role of exercise testing in AS The role of exercise testing has been increasing in importance in guiding management of patients with AS. Hypotension or a failure to increase blood pressure during exercise correlates with a poor outcome in patients with AS 39 and is accepted as a class II-A recommendation for valve surgery by some investigators 24 and scientific committees. 40 However, the reproducibility and the effect of vasodilator drugs on the haemodynamic response to exercise had never been assessed in AS. It is remarkable that all the patients in our study who had an abnormal blood pressure response during exercise also had a normal response either in the previous or in the following test. The abnormal blood pressure response was observed in three patients in their first study and in two patients in their second. We believe that the lack of reproducibility of the abnormal blood pressure response is most probably related to the drug intervention, since the confusing effect related to training was controlled by randomisation. The findings of our study suggest that the results of exercise testing need to be interpreted taking into account patients' medication. If surgery in an asymptomatic patient is being considered on the basis of an abnormal haemodynamic response during an exercise test, the examination may require reassessment after the drug prescription is modified. 
Study limitations
The most obvious limitation of the study is sample size, since it would have been possible to observe further significant differences in a larger study sample. Owing to the study design, it was unlikely that we would have detected any serious adverse events in our study. The study was dimensioned to detect a clinically significant change in functional capacity (one MET) in either direction, related to the administration or discontinuation of the drug. Table 2 lists the minimum sample size of patients who would have needed to be enrolled to find significant differences in baseline haemodynamic variables. Following a pathophysiological pilot design, the purpose of the study is obviously far from that of a prospective drug intervention placebo controlled study. The fact that all patients were already taking the drugs for long periods before enrolment obviously causes a selection bias regarding tolerability. However, we believe our results may help to clarify the expected acute benefits and risks related to the use of ACE inhibitors in hypertensive patients with AS. For this purpose, we believe the sample size data that we provided may be helpful.
Differences in the specific compound and doses of ACE inhibitor drugs may have been responsible for the scattered effects observed in the study. Although we attempted to analyse an overall haemodynamic class effect for ACE inhibitors, the particular agents may not all behave identically.
Conclusions
Hypertensive patients with AS should not discontinue ACE inhibitors. In AS, the afterload reduction caused by ACE inhibitors is partially blunted by a parallel increase in the transvalvar pressure gradient. However, ACE inhibitors favourably affect stress haemodynamic variables in most hypertensive patients with AS. Prospective randomised studies to define the role of ACE inhibitors in AS are warranted. Thebesian venous lake A 50 year old woman with end stage renal disease status post renal transplant presented with chest pain and was found to have coronary artery disease on coronary angiography. During performance of a left ventriculogram with a hand injection using a JR4 catheter, serendipitous cannulation and injection of a large thebesian vein occurred with prompt visualisation of cardiac veins and the coronary sinus. There was a large thebesian ''venous lake'' connection between the endocardial surface of the ventricle and the coronary sinus (panel). Such ''venous lake'' connections have not been reported before. Thebesian veins can be communications between the capillary bed to the ventricles, direct arterial connection to the ventricles or venoluminal vessels, or direct communication from the coronary vein into the ventricles. Venoluminal thebesian veins are thought to be more common in the atria than in the ventricle, and more common in the right ventricle than the left ventricle. 
